This report presents the results of a patch-clamp study examining the role of intracellular ATP in the regulation of endothelial inward rectifier K' channels. Administration of ATP to the cytosolic surface of inside-out patches reversibly activated the K' channel within seconds. ATP (1 mM) increased the mean open probability by a factor of 3.5, primarily by increasing the number of openings. Administration of the nonhydrolyzable ATP analogue ATP-y-S failed to modulate channel activity. Inhibition of ATP synthesis by administration of cyanide plus iodoacetate resulted in channel closure within 1 to 6 minutes. In experiments in which ATP was coadministered with the metabolic blockers, the channel activity continued unchanged for up to 30 minutes, but when ATP was removed, the activity rapidly decayed. We propose that normal functioning of the inward rectifier K' channel is ATP dependent. Phosphorylation of the channel molecule is probably essential for maintaining activity. (Circulation Research 1993;73:492-495) KEY WORDS * inward rectifier K' channels * ATP * vascular endothelial cells Vsascular endothelial cells are metabolically very active cells that play a central role in various synthetic processes and in control of organ perfusion.12 Endothelial functions such as release of nitric oxide and modulation of permeability are regulated primarily by [Ca2+1].2-4 However, depolarization of endothelial cells has been found to inhibit bradykinininduced nitric oxide release5 (by 70%), endotheliumdependent vasorelaxation6 (by 95%), and ATP-induced microvascular permeability changes,3 suggesting that the membrane potential, and thus the ionic currents changing its value, may also be of importance for these regulatory functions.
This report presents the results of a patch-clamp study examining the role of intracellular ATP in the regulation of endothelial inward rectifier K' channels. Administration of ATP to the cytosolic surface of inside-out patches reversibly activated the K' channel within seconds. ATP (1 mM) increased the mean open probability by a factor of 3.5, primarily by increasing the number of openings. Administration of the nonhydrolyzable ATP analogue ATP-y-S failed to modulate channel activity. Inhibition of ATP synthesis by administration of cyanide plus iodoacetate resulted in channel closure within 1 to 6 minutes. In experiments in which ATP was coadministered with the metabolic blockers, the channel activity continued unchanged for up to 30 minutes, but when ATP was removed, the activity rapidly decayed. We propose that normal functioning of the inward rectifier K' channel is ATP dependent. Phosphorylation of the channel molecule is probably essential for maintaining activity. (Circulation Research 1993; 73:492-495) KEY WORDS * inward rectifier K' channels * ATP * vascular endothelial cells Vsascular endothelial cells are metabolically very active cells that play a central role in various synthetic processes and in control of organ perfusion.12 Endothelial functions such as release of nitric oxide and modulation of permeability are regulated primarily by [Ca2+1].2-4 However, depolarization of endothelial cells has been found to inhibit bradykinininduced nitric oxide release5 (by 70%), endotheliumdependent vasorelaxation6 (by 95%), and ATP-induced microvascular permeability changes,3 suggesting that the membrane potential, and thus the ionic currents changing its value, may also be of importance for these regulatory functions.
In unstimulated endothelial cells, the major ionic current across the cell membrane is carried through inward rectifier K' channels,7-9 and this conductance probably sets the resting membrane potential. Endothelial inward rectifier K' channels are modulated by several autacoids.8'10" Further, the activity of the K' channels has been proposed to be energy dependent, because they close 15 to 60 minutes after exposure of the cells to metabolic blockers. '2 We studied in detail the regulation of the inward rectifier K' channel activity by intracellular factors. The results showed that, in excised inside-out patches of endothelial cell membrane, the K' channel activity decays after ATP depletion and recovers after ATP readministration to the cytosolic surface. The findings indicate that phosphorylation of the K' channel molecule is essential for maintaining channel activity.
Materials and Methods Endothelial Cells
Endothelial cells were mechanically isolated (scraped) from calf aortas and cultured, using a modification of the techniques outlined by Ryan et al.13 Subcultures, from passages 2 through 6, showing the characteristic cobblestone morphology, were used for the present experiments. Samples were routinely immunostained with antibodies specific for von Willebrand factor (factor VIII). The cells were also studied with electron microscopy and found to contain the endothelium-specific Weibel-Palade bodies.14
Patch-Clamp Technique
The cultured bovine aortic endothelial cells were plated on glass coverslips and studied for the following 3 days. Cell membrane currents were determined under voltage-clamp conditions using the patch-clamp technique in cell-attached and inside-out recording modes. The signals were recorded with a HEKA EPC-9 amplifier, stored on a digital tape recorder, and displayed on a chart recorder. The pipette solution contained (mM) K+, 144; Cl-, 140; Ca2+, 1; Mg2+ 2; and HEPES, 10; pH was 7.4. In cell-attached recordings, the ion composition of the bath solution was as follows (mM): Na+, 140; K+, 4; Cl -, 140; Ca2+ 1; Mg2+, 2; and HEPES, 10; pH was adjusted to 7.4 with HCl. In experiments using excised inside-out patches, the bath solution contained (mM) K+, 146; Cl-, 140; Ca>, 1; Mg>, 2; and HEPES, 10; the EGTA concentration in this solution was 1.9 mM, giving a free Ca 2+ concentration of 100 nM. pH was adjusted to 7.2 with HCI. All agents were administered to the bath (0.1-mL volume) at a rate of 0.5 mL* min-l. The temperature was maintained at 22+2°C. Mg-ATP was 
Results
Single K'-selective channels were studied in endothelial cells with the patch-clamp technique using cellattached and inside-out recording configurations ( Fig  1) . The channels showed marked inward rectification, and the slope conductance in the hyperpolarized range was determined in inside-out patches to be 27.4±2.0 (mean±SD) picosiemens (n=12, [K+]i=[K+].=144 mM). The current-voltage relation curves obtained in cell-attached and inside-out recordings were parallel, and since the conductance of the rectifier channel is K' sensitive,15 the finding suggests that [K+]i in endothelial cells is close to 144 mM. In cell-attached recordings, depolarization of the cell with 144 mM K' in the bath shifted the current-voltage curve by -75 to -80 mV (Fig 1) , which is in accordance with a resting membrane potential of this size.8
The K' channel activity was then recorded in insideout patches. During the first minutes after the patch was excised, the channel activity often decreased spontaneously, and in approximately 20% of the inside-out patches containing K' channels, the rundown of the channels was substantial. In the inside-out patches, ATP significantly reactivated the channels at concentrations of 0.1 mM (n=3), 1 mM (n= 10), or 5 mM (n=3) within 5 to 50 seconds after administration. It is known that the activity of many channels is modulated and maintained by phosphorylation. We addressed the question of whether the ATP-dependent decay and recovery of the endothelial inward rectifier K' channel are due to phosphorylation and dephosphorylation and examined the effects of the nonhydrolyzable ATP ana-logue ATP-y-S. Exposure of silenced patches to 1 mM ATP-y-S for periods up to 4 minutes failed to change the K' channel activity, whereas the following administration of 1 mM ATP activated the channel (Fig 2, top) . In 11 patches to which ATP-y-S (1 mM) and ATP (1 mM) were administered successively, the mean open probability was determined in control periods and in the presence of ATP-y-S or ATP to be 0.052±0.044 (mean±SD), 0.061+0.060, and 0.182±0.055, respectively. The dwell-time distributions were determined in control recordings and during exposure to ATP. In both cases, the open-time distributions could be fitted to one exponential, and the closed times could be fitted to three exponentials of fairly similar time constants (Fig 2, middle and bottom), suggesting that the channel being activated by ATP is identical to the channel being observed in control recordings. ATP primarily increased the number of openings and had little effect on the mean open time (legend to Fig 2, middle and  bottom) .
The energy dependence of the channel activation was further studied using the metabolic blockers cyanide, an inhibitor of cytochrome oxidase, and iodoacetate, an inhibitor of glycolysis. The K' channel closed within minutes (2.3±2.2 [mean±SD] minutes, n=11) after bath administration of the metabolic blockers at a 2-mM concentration (not shown). When ATP was administered together with the metabolic blockers for a period of 25 to 30 minutes, the channel activity was maintained unchanged as long as ATP was included but closed when ATP was washed out (n=4) (Fig 3) , supporting the notion that the effect of cyanide and iodoacetate is due to an inhibition of ATP regeneration.
The administration of cyanide and iodoacetate did not affect two other ion channels also present in the patches, namely a chloride-selective channel14 and a nonselective cation channel. 16 The chloride channel had a slope conductance of approximately 400 picosiemens, was voltage-activated, and was not influenced by administration of the metabolic blockers for periods up to 11/2 hours (n=9). Similarly, the 10-picosiemen channel permeable to Na+ and K' was exposed to the metabolic blockers for periods up to 40 minutes without any significant change in activity (n=10).
Discussion
The present study has demonstrated that the activity of the inward rectifier K' channel in vascular endothelial cells is modulated by ATP. Administration of ATP to the internal solution significantly increased the openstate probability, primarily by increasing the number of openings. ATP-y-S did not exert any effect on channel activity.
The inward rectifier K' channel was found in most patches of endothelial cell membrane in this study, and in whole-cell recordings the inward rectifier has also been found to account for most of the cell membrane current under physiological conditions.7-9 The function of this major K' current is probably to set the resting membrane potential, which is -75 to -80 mV in bovine aortic endothelial cells,8,10 ie, close to the Nernst equilibrium potential for potassium ions.
The inward rectifier K' channel requires ATP for normal functioning, and our results raise several questions about the nature of the ATP requirement. In resting cells, the activity of the inward rectifier K' channel remained unchanged for periods of 1 hour more when recorded in the cell-attached mode, and a similar constant activity was observed in many insideout patches. After administration of the metabolic blockers to the inside-out patches, the channel activity decayed rapidly, but the decay could be prevented by ATP. These findings suggest that the inward rectifier K' channel depends on internal ATP for opening, that limited ATP stores are associated with the cell membrane, and that some machinery for ATP regeneration is present. In a study by Hansen and Crone,12 it was found that K' channel activity recorded in the cellattached mode stopped 15 to 60 minutes after exposure of endothelial cells to metabolic blockers. This finding falls well into line with the present study and indicates that the cell membrane channels can retrieve ATP from larger cellular stores. Tracings showing the effect of metabolic blockers on K' channel activity in an excised inside-out patch of endothelial cell membrane. Cyanide (2 mM) plus iodoacetate (2 mM) did not change channel activity or conductance over a period of26 minutes when administered together with 0.1 mM ATP, but removal ofATP caused a significant decrease in the channel opening Npo (N is the number of channels and po is the open probability). The small channel seen at the end ofthe tracing is a 10-picosiemen nonselective cation channel. Substitution of K' with Na+ did not affect current through this channel. Pipette potential was 60 mV.
The inward rectifier K' channel is also present in the cell membrane of cardiac myocytes, and the open probability of this channel has been found to rapidly decrease after ATP depletion.17 As in the present study, channel activity in the cardiac myocytes recovered within 5 to 120 seconds after readministration of ATP but not after administration of a nonhydrolyzable ATP analogue.'8 The failure of a nonhydrolyzable ATP analogue in activating the inward rectifier K' channel in endothelial cells as in cardiac myocytes suggests that the ATP dependency of the channel in both cells is mediated by a phosphorylation of the channel molecule. The activity of a variety of K' channels appears to be modulated by phosphorylation.1920 A recently cloned inward rectifier K' channel from rat kidney is also activated by internal ATP, and the authors have identified a putative ATP binding site associated with several potential phosphorylation sites. 2' Cellular depletion of ATP leads to closure of the K' channels and to membrane depolarization. In excitable cells, depolarization usually causes activation, but in the nonexcitable endothelial cells, which lack voltage-operated Ca>2 channels,7 9 depolarization attenuates several of the important active cellular functions, such as nitric oxide release,5 endothelium-dependent vasodilation,6 and permeability regulation.3 These responses are Ca>2 dependent, and the Ca' influx in endothelial cells is increased by hyperpolarization, maybe via a Ca'-, inositoltetrakisphosphate-, and hyperpolarization-activated Ca2+-permeable channel.22 Independent of whether the influence of membrane potential on cell activity is direct or indirect via Ca>2, the gating of the large K' conductance is
